Introduction
============

Obstructive sleep apnoea (OSA) is a relatively prevalent condition, particularly among men, and has a number of negative health consequences. Epidemiologic studies have shown that up to 24% men experience some form of OSA,^[@bib1]^ with those who are overweight or obese being particularly susceptible.^[@bib2]^ In addition to excessive daytime sleepiness, which is the hallmark symptom of OSA, individuals with OSA have an increased risk of developing a number of comorbidities including cardiovascular disease, hypertension, metabolic disease and diabetes.^[@bib3],[@bib4]^ With regard to diabetes, evidence from a number of studies suggests that 15--30% of individuals with OSA have type 2 diabetes mellitus (T2DM) and that OSA is an independent risk factor for T2DM.^[@bib5]^

A variety of potential mechanisms, including OSA-related hypoxia (leading to activation of the sympathetic nervous system and hyperglycaemia), altered anterior pituitary and adrenal activation affecting glycaemic control, direct effects of hypoxia on glucose metabolism and insulin sensitivity and increased release of cytokines contributing to insulin resistance have been proposed to explain the link between OSA and T2DM.^[@bib6]^ Despite this, a causal link between OSA and T2DM has not been proven.^[@bib5]^ Nevertheless, the aforementioned association between OSA and T2DM has generated considerable interest in ascertaining whether treatment of OSA also improves glycaemic control and insulin sensitivity in patients with OSA and T2DM.

Continuous positive airway pressure (CPAP) therapy is the gold standard treatment for OSA. Although CPAP can be a very effective treatment for OSA, the effects of such treatment on comorbidities such as T2DM remain less clear cut, with evidence from some studies suggesting that CPAP is effective in improving insulin resistance and evidence from others suggesting that CPAP has no effect.^[@bib5; @bib6; @bib7]^ In an attempt to gain further insight into the question whether CPAP is an effective treatment for T2DM in patients with OSA, Iftikhar and Blankfield^[@bib8]^ carried out a systematic review and meta-analysis (published in 2012) examining the effects of short-term CPAP on glycosylated haemoglobin (HbA1c) level in patients with OSA and T2DM. Overall, they found no evidence that CPAP decreased the HbA1c level in these patients. However, the analysis included only four prospective studies (in addition to one retrospective study) and did not examine other indicators of T2DM, such as insulin sensitivity. A more recent systematic review by Gallegos *et al.*^[@bib9]^ reported improvement in HbA1c level and/or increased insulin activity, but only after long-term CPAP use (⩾3 months).

The aim of the present systematic review and meta-analysis was to perform an up-to-date examination of the prospective study literature to determine the effects of CPAP treatment on indicators of T2DM, including glycaemic control (HbA1c level) and insulin sensitivity, in patients with OSA and T2DM. We also examined the effects of CPAP treatment on body mass index (BMI).

Materials and methods
=====================

Selection criteria
------------------

Studies were considered for inclusion if they were randomised controlled trials or prospective observational studies and included patients with T2DM and stable disease who received CPAP for the treatment of OSA.

Studies were excluded if they involved patients who did not have diagnosed T2DM or had not received treatment for T2DM, were retrospective in design, did not report the pretreatment and posttreatment effects of CPAP on HbA1c, insulin sensitivity (assessed by hyperinsulinaemic--euglycaemic clamp) or BMI, or were published in a language other than English.

Search strategy
---------------

MEDLINE, EMBASE and the Cochrane Library were searched from inception to 31 January 2014 using combinations of the following key terms: diabetes mellitus, obstructive sleep apnoea, continuous positive airway pressure, glycaemic control, insulin sensitivity, BMI. Reference lists of relevant studies were hand-searched in an attempt to identify other potentially relevant studies.

Study selection and data extraction
-----------------------------------

Studies were identified by two independent reviewers using the aforementioned search strategy. Where there was uncertainty regarding eligibility, a third reviewer was consulted. The following information/data were extracted from studies that met the eligibility criteria: name of the first author; year of publication; study design; number of participants; participants' age and sex; CPAP regimen; and HbA1c, insulin sensitivity, weight and BMI data before and after CPAP. In the event that numeric data for outcome measurements were lacking, we requested mean and s.d. values for before and after CPAP from the authors. To combine the outcomes of two-arm comparative studies (for example, randomised controlled trials) with those of one-arm observational studies, we extracted data for the treatment group only from comparative studies.

Outcome measures
----------------

The primary outcome was change in HbA1c level after CPAP. Secondary outcomes included changes in insulin sensitivity and BMI after CPAP. There are several measures for insulin sensitivity: for example, homeostatic model assessment (HOMA), quantitative insulin sensitivity check index and hyperinsulinaemic--euglycaemic clamp. We included only those studies that measured insulin sensitivity using the hyperinsulinaemic--euglycaemic clamp, which is a very sensitive measurement for this outcome.

Quality assessment
------------------

The methodologic quality of each study was assessed with the use of the risk-of-bias assessment tool outlined in the *Cochrane Handbook for Systematic Reviews of Interventions*.^[@bib10]^ Two reviewers subjectively reviewed all the studies and assigned a value of 'low risk,' 'high risk' or 'unclear' for the following: (a) random sequence generation; (b) allocation concealment; (c) blinding (patients, personnel and assessor); (d) adequate assessment of each outcome; (e) avoidance of selective outcome reporting; and (f) inclusion of an intent-to-treat analysis.

Statistical analysis
--------------------

Combined summary statistics of the standardised paired difference in mean for the individual studies are shown. The standardised mean difference is used as a summary statistic in meta-analysis when the studies all assess the same outcome but measure it in a variety of ways.^[@bib11]^ The standardised mean difference expresses the size of the intervention effect in each study relative to the variability observed in that study as follows: standardised mean difference=difference in mean outcome between groups/s.d. of outcome among participants.^[@bib11]^

A *χ*^2^-based test of homogeneity was performed, and the inconsistency index (*I*^2^) statistic was determined. Random-effects models of analysis were used if heterogeneity was detected (*I*^2^ \>50%). Otherwise, fixed-effects models were considered. Combined standardised paired differences in means were calculated, and a two-sided *P* value \<0.05 was considered to indicate statistical significance. An unplanned subgroup analysis of HbA1c level according to CPAP usage duration was performed. Sensitivity analysis was carried out for the outcomes using the leave-one-out approach. Publication bias was assessed by constructing funnel plots for primary outcome. Absence of publication bias is indicated by data points forming a symmetric, funnel-shaped distribution. All analyses were performed with comprehensive meta-analysis statistical software, version 2.0 (Biostat, Englewood, NJ, USA).

Results
=======

Study selection
---------------

After the removal of duplicates, a total of 2,165 records were screened for eligibility ([Figure 1](#fig1){ref-type="fig"}). Of these, 2,154 were excluded, and 11 underwent full-text review. Five were subsequently excluded and six^[@bib12; @bib13; @bib14; @bib15; @bib16; @bib17]^ were included in the systematic review and meta-analysis.

Study characteristics
---------------------

Characteristics of the six included studies are summarised in [Table 1](#tbl1){ref-type="table"}. We contacted the first author of one study^[@bib12]^ to obtain mean and s.d. values, which allowed us to include that study in the present meta-analysis. Two of the studies were randomised controlled trials, and four were prospective observational (before and after) in design. The number of patients in the studies ranged from 9 to 44 (total=128), and the mean age ranged from 50.7 to 66.1 years. The majority (⩾60%) of patients in each study were male (range: 60--100%). The mean baseline BMI ranged from 33.6 kg/m^2^ to 42.7 kg/m^2^. The duration of CPAP ranged from 1 to 4 months but was 3 months in four of the six studies. The length of CPAP use per night was reported in five of the six studies and ranged from 3.6 to 5.8 or \>5 h per night.

Outcomes
--------

### Systematic review

[Table 2](#tbl2){ref-type="table"} summarises the key outcomes of the six included studies. For HbA1c, decreases were observed in four studies,^[@bib12],[@bib14; @bib15; @bib16]^ and an increase was observed in one study.^[@bib13]^ However, none of these changes were statistically significant. Three studies reported results for insulin sensitivity.^[@bib14],[@bib15],[@bib17]^ In each case, improvements were observed; however, there was no statistically significant difference. There were no significant changes in BMI in the five studies reporting posttreatment values for BMI.^[@bib12; @bib13; @bib14],[@bib16],[@bib17]^

### Meta-analysis

All six studies were included in the meta-analysis of change in HbA1c level after CPAP ([Figure 2a](#fig2){ref-type="fig"}). No significant heterogeneity was detected (*Q*=1.026, *I*^2^=0%, *P*=0.960); hence, a fixed-effects model analysis was used. The combined standardised paired difference in mean change revealed no significant difference in HbA1c before and after CPAP treatment (*P*=0.421). We performed a subgroup analysis of HbA1c level by comparing CPAP usage for \>5 h/night versus ≤5 h/night. The results indicated no significant effect of CPAP on change in HbA1c level with respect to hours of CPAP usage ([Supplementary Figure 1](#xob1){ref-type="supplementary-material"}).

Three studies^[@bib14],[@bib16],[@bib17]^ were included in the meta-analysis of the change in insulin sensitivity after CPAP ([Figure 2b](#fig2){ref-type="fig"}). Significant heterogeneity was detected (*Q*=2.017, *I*^2^=86.41%, *P*=0.364); hence, a random-effects model of analysis was used. The combined standardised paired difference in mean change revealed that insulin sensitivity was significantly improved after CPAP treatment (*P*=0.049).

Five studies^[@bib12; @bib13; @bib14],[@bib16],[@bib17]^ were included in the meta-analysis of the change in BMI after CPAP ([Figure 2c](#fig2){ref-type="fig"}). No heterogeneity was detected (*Q*=1.284, *I*^2^=0%, *P*=0.864); hence, a fixed-effects model analysis was used. The combined standardised paired difference in mean change revealed no significant difference in BMI before and after CPAP treatment (*P*=0.302).

[Figure 3](#fig3){ref-type="fig"} shows the results of the sensitivity analysis for the primary outcome (change in HbA1c level) with one study removed in turns. The direction and magnitude of the pooled estimates did not show a large variation.

Assessment of bias
------------------

[Figure 4](#fig4){ref-type="fig"} summarises the overall (a) and individual study (b) risk-of-bias assessments. In four studies,^[@bib13],[@bib15; @bib16; @bib17]^ patients were not randomised to control/sham CPAP treatment. Rather, before and after comparisons were made for each patient. In the study reported by Myhill *et al*.,^[@bib12]^ the control group of patients did not receive sub-therapeutic CPAP for ethical reasons (i.e., restricting potentially effective therapy CPAP in a high-risk population). All studies were considered to have a low risk of attrition and reporting bias.

[Supplementary Figure 2](#xob1){ref-type="supplementary-material"} shows the funnel plot for the assessment of publication bias for the primary outcome. There was marked evidence of symmetry, indicating a lack of publication bias.

Discussion
==========

Main finding
------------

In this systematic review and meta-analysis, we obtained information from prospective studies examining the effects of CPAP on indicators of T2DM in patients with OSA and T2DM. A total of six studies, involving 128 patients, met the criteria for inclusion in our review and meta-analysis. Our findings indicate that CPAP does not improve glycaemic control (indicated by HbA1c level) or BMI but may improve insulin sensitivity in patients with OSA and T2DM.

Strengths and limitations of this study
---------------------------------------

The present study has a number of limitations that warrant mention. First, each of the studies eligible for inclusion involved a small number of patients (no more than 44), and only one^[@bib14]^ was a true randomised controlled trial (Myhill *et al.*^[@bib12]^ pooled the treatment groups). The small number of patients clearly reduces the power of the results, and the fact that most studies were not randomised controlled trials means that the findings are not of the highest quality and may have been affected by varying levels of bias owing to the lack of randomisation and blinding. Of note, however, our assessment of bias did indicate that the risks of attrition and reporting bias were low. Further, our analyses revealed no evidence of publication bias. Second, although the studies were reasonably homogeneous in most areas, there was some between-study variability that may have affected outcomes and thus the results of our meta-analysis. Third, CPAP therapy was administered for a maximum of 4 months in the studies; hence, the findings from these studies, and indeed our meta-analysis, are only applicable to short-term CPAP. Prospective studies examining the effects of longer-term CPAP on indicators of T2DM would be welcome. Fourth, we must acknowledge that the meta-analyses of insulin sensitivity included only three studies and the meta-analyses of BMI included five studies; hence, these results must clearly be interpreted with some degree of caution. Fifth, there was no information on changes in the dietary and exercise habits of enrolled patients.

Interpretation of findings in relation to previously published work
-------------------------------------------------------------------

The rationale for the present meta-analysis is several-fold. First, although the review by Gallegos *et al.*^[@bib9]^ also aimed to evaluate the effectiveness of CPAP, they did not focus on T2DM, including studies on prediabetes and metabolic syndrome. Prediabetes may involve a different pathophysiology of glucose metabolism.^[@bib18]^ We believe a focus on T2DM is necessary to minimise heterogeneity of study subjects to avoid potential bias. Second, Gallegos *et al.*^[@bib9]^ mixed several different outcome measures to evaluate glucose metabolism (i.e., HbA1C, fasting glucose, insulin resistance (HOMA), insulin resistance (hyperinsulinaemic--euglycaemic clamp) and continuous glucose monitoring). Different parameters reflect different physiologic aspects. We believe it is necessary to evaluate the effect on each outcome measure individually. As we found in the present meta-analysis, CPAP had different effects on HbA1C and insulin. Third, Gallegos *et al.*^[@bib9]^ conducted a systematic review, which did not include quantitative statistical analysis. Their conclusion that 'A few studies have shown that patients can experience even better results with long-term CPAP treatment (⩾3 months of daily use) for \>4 h a night.' came from only four studies and a lack of quantitative evidence. The present meta-analysis provides more quantitative information regarding the effect of CPAP.

Our finding that CPAP did not significantly improve (i.e., decrease) HbA1c level in patients with OSA and T2DM is consistent with the finding of Iftikhar *et al.*^[@bib8]^ in a previous systematic review and meta-analysis (mean difference: 0.08; 95% confidence interval (CI): −0.26, 0.42; *P*=0.65), which included four of the same studies^[@bib13; @bib14; @bib15; @bib16]^ included in our meta-analysis and one retrospective study^[@bib19]^ that was not eligible for inclusion in our analysis. Similarly, our findings regarding HbA1c are consistent with those reported by Hecht *et al.*,^[@bib20]^ who carried out a systematic review and meta-analysis examining the effects of CPAP on insulin resistance and glucose metabolism in patients with OSA (meta-analysis of HbA1c mean difference: 0.04, 95% CI: −1.06, 1.14; *P*=0.94). Taken together, we believe that the available evidence suggests that CPAP is unlikely to provide clinically meaningful improvement in glycaemic control for individuals with OSA and T2DM. However, there is interesting evidence suggesting that longer CPAP usage per night in this patient population might improve HbA1c level.^[@bib21]^ As stated, Gallegos *et al*.^[@bib9]^ reported improvement in HbA1c level only after long-term CPAP use (⩾3 months). An effect of CPAP on HbA1c could potentially occur in relation to other factors: for example, the duration of diabetes.

Interestingly, and in contrast to HbA1c, the results of our meta-analysis suggest that CPAP may improve insulin sensitivity in patients with OSA and T2DM. To our knowledge, this is the first meta-analysis of this variable in patients with T2DM. However, Hecht *et al*.^[@bib20]^ examined both insulin level and the HOMA index as part of their meta-analysis of variables in patients with OSA and found that CPAP did not improve either (insulin mean difference: −2.95; 95% CI: −20.39, 14.50; *P*=0.74; HOMA mean difference: −0.77; 95% CI: −4.12, 2.57; *P*=0.65). Consistent with our findings, Lindberg *et al*.^[@bib22]^ carried out a study on patients with OSA and found that CPAP led to improvement in insulin sensitivity (as indicated by serum insulin and HOMA measures) but not in HbA1c levels. Similarly, Weinstock *et al*.^[@bib23]^ found that insulin sensitivity was improved in patients with severe OSA and impaired glucose tolerance after 8 weeks of CPAP. Taken together, we believe that there is some evidence that CPAP may improve insulin sensitivity in patients with OSA and T2DM. It is important to mention that, if CPAP does improve insulin sensitivity, any HbA1c improvement would occur in the context of functional beta cells. If the diabetes duration is long and the patient is lacking functional beta cells, CPAP would be unlikely to affect HbA1c level.

Meta-analysis of studies reporting changes in BMI with CPAP in patients with OSA and T2DM revealed no significant effects of therapy. This finding is consistent with those from several studies of CPAP in patients with OSA^[@bib24],[@bib25]^ and suggests that CPAP is unlikely to decrease BMI in patients with OSA and T2DM. As to whether changes in insulin sensitivity might be related to changes in BMI, the three studies reporting results for both of these variables suggest no correlation.^[@bib14],[@bib16],[@bib17]^

The results of the present meta-analysis supporting an improvement in insulin sensitivity (i.e., increased sensitivity), but no change in HbA1c level, in response to CPAP in patients with OSA and T2DM are consistent with findings in subjects without T2DM. Meta-analyses by Iftikhar *et al.*^[@bib26]^ and Yang *et al.*^[@bib27]^ both found improvement in insulin resistance (i.e., decreased resistance), according to HOMA measurements, in response to CPAP in nondiabetic subjects. No significant effect on HbA1c level was found in nondiabetic subjects in another meta-analysis by Iftikhar *et al.*^[@bib8]^

OSA severity is directly associated with the level of insulin resistance, and intermittent hypoxia, sleep fragmentation and nocturnal arousal comprise potential mechanisms that may result in impaired glucose tolerance.^[@bib28]^ For example, intermittent hypoxia is reported to impair glucose tolerance, possibly via increased oxidative stress and lipid peroxidation. Recurrent hypoxic episodes activate the sympathetic nervous system and increase the release of catabolic hormones, which can foster the development of T2DM.^[@bib29]^ Sleep fragmentation is another mechanism through which OSA might affect glucose metabolism.^[@bib30]^ In healthy subjects, sleep restriction is associated with insulin resistance, increased appetite and carbohydrate craving, and, even in the absence of breathing disorders, sleep fragmentation and sleep deprivation can affect glucose tolerance.^[@bib31]^ Nocturnal awakening and arousal are associated with altered levels of leptin, leptin resistance, pulsatile cortisol release and autonomic activation. Repeated arousal and subsequent cortisol release can lead to dysregulation of the hypothalamic--pituitary--adrenal axis, resulting in glucose impairment.^[@bib32]^ This may have a role in modulating insulin levels and foster the development of T2DM. CPAP significantly decreases hypoxemic stress, sympathetic drive and sleep fragmentation by delivering constant pressure throughout inspiration and expiration to maintain upper-airway patency during sleep.^[@bib33],[@bib34]^

Implications for future research, policy and practice
-----------------------------------------------------

Given the lack of information from large-scale studies, evidence from additional randomised controlled trials is needed to determine conclusively whether CPAP is an effective treatment for T2DM in this context. Additional prospective trials involving larger patient populations (and indeed more lengthy treatment) are a more realistic goal.

Conclusions
-----------

The available evidence suggests that CPAP does not decrease HbA1c level or BMI in patients with OSA and T2DM but may improve insulin sensitivity in these patients.
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###### Characteristics of the studies included in the meta-analysis

  *First author (year)*    *Study design*  *Patients,* n   *Age, years*    *Sex, % male*  *Baseline BMI, kg/m*^*2*^           *Duration of diabetes, years*                 *Treatment*           *CPAP, h/night*
  ----------------------- ---------------- --------------- -------------- --------------- --------------------------- --------------------------------------------- ---------------------------- -----------------
  Myhill^[@bib12]^              RCT        44              66.1±8.8            61.4       33.6±5.5                     10.1 (3.8, 15.3)[a](#t1-fn1){ref-type="fn"}       CPAP for 3 months              \>5
  Dawson^[@bib13]^         Observational   20              59.8±10.2            60        39.6±8.0                                       9.8±7.7                         CPAP for 3 months            5.8±1.0
  West^[@bib14]^                RCT        20              57.8±10.4            100       36.6±4.9                                         7.3                           CPAP for 3 months            3.6±2.8
  Babu^[@bib15]^           Observational   25              50.7±9.0             64        42.7±8.7                                       8.3±6.8                        CPAP for 1--3 months          4.2±2.9
  Harsch^[@bib16]^         Observational   9               56.3±8.2            77.8       36.7±5.3                       1 (0.17, 3)[a](#t1-fn1){ref-type="fn"}      CPAP (mean 91.4±35.5 days)       5.8±1.2
  Brooks^[@bib17]^         Observational   10              50.8±9.6             70        42.7±4.3                                         NA                            CPAP for 4 months              NA

Values are presented as mean±s.d. except where indicated.

Abbreviations: BMI, body mass index; CPAP, continuous positive airway pressure; NA, not available; RCT, randomised controlled trial.

Data are summarised as median (interquartile range).

###### Summary of HbA1c, insulin sensitivity and BMI results before and after CPAP for studies included in the meta-analysis

  *First author (year)*   *HbA1c, %*   *Insulin sensitivity, μmol/kg×min*   *BMI, kg/m*                                                            
  ----------------------- ------------ ------------------------------------ ------------- ----------- ----------- ---------- ---------- ---------- -----------
  Myhill^[@bib12]^        6.9±1.0      6.9±1.1                              −0.07±0.11        NA          NA          NA     33.6±5.5   32.4±7.1   −1.2±0.97
  Dawson^[@bib13]^        7.1±1.3      7.2±1.3                              0.1±0.29          NA          NA          NA     39.6±8.0   39.9±8.1   0.3±1.79
  West^[@bib14]^          NA           NA                                   −0.02±0.34        NA          NA       1.7±3.15  36.6±4.9   NA         −0.2±0.22
  Babu^[@bib15]^          8.3±2.2      7.9±1.8                              −0.4±0.41         NA          NA          NA     42.7±8.7   NA         NA
  Harsch^[@bib16]^        6.4±0.7      6.3±0.6                              −0.1±0.22      2.98±2.62   4.38±2.94   1.4±0.93  36.7±5.3   37.0±5.4   0.3 ±1.78
  Brooks^[@bib17]^        8.9±1.5      8.9±1.2                              0±0.44         11.4±6.2    15.1±4.6    3.7±1.76  42.7±4.3   42.8±4.3   0.1±1.36

Values are presented as mean±s.d. except where indicated.

Abbreviations: BMI, body mass index; CPAP, continuous positive airway pressure; HbA1c, glycosylated haemoglobin; NA, not available.

Data are summarised as mean±standard error.
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